Microbial consortia capable of aerobically degrading more than 99% of exogenous trichloroethylene (TCE) (50 mg/liter) were collected from TCE-contaminated subsurface sediments and grown in enrichment cultures.
Large portions of subsurface aquifers in the United States have been contaminated by chlorinated hydrocarbons (8, 19) and groundwaters near several industrial sites contain over 1,000 mg of chlorocarbons, such as tetrachloroethylene and trichloroethylene (TCE) , per liter (6). These extremely high levels of contamination pose technologically difficult problems of containment and remediation. Since subsurface aquifers are not in contact with the atmosphere, volatilization or photolysis of these chemicals is unlikely. Chemical degradation is often prohibitively expensive, charcoal adsorption requires further disposal of the contaminant and adsorbent, and air stripping releases the contaminant into the atmosphere, where it may pose alternative environmental and health concerns. Biological treatments which degrade contaminants of the site without generating toxic wastes may be suitable for purifying large volumes of contaminated groundwater.
Soil microbiology studies conducted during the early part of the twentieth century did not detect large microbial populations in subsurface soils (16, 21, 22) ; this suggested that little microbial life existed in the deep subsurface. Even though evidence of deep subsurface microbial populations and activities had been reported (4, 26) , it was generally accepted that the role of microorganisms in subsurface environments was insignificant (1) . It has recently been established that aquifers and vadose-zone sediments contain substantial populations of microorganisms which can influence groundwater quality (5, 9, 23, 24) .
Degradation of TCE or its degradation products has been reported by many investigators; some of these reports have included mechanisms and kinetic models for TCE degradation (2, 3, 7, 10, 11, 14-18, 20, 25) . Wilson and co-workers (25) have established TCE-degrading soil columns amended with methane. Methanotrophs were observed to increase in biomass in the columns (15) , and it was hypothesized that methanotrophs were integral to the TCE mineralization process. The hypothesis was based in part on the observation that methanotrophs contain mixed-function oxidases capable of degrading chlorinated ethenes (7) .
Others (3, 20) have demonstrated anaerobic metabolism of low concentrations of TCE in digester microcosms. Anaer-* Corresponding author. obic utilization of TCE appears to result in the formation or the accumulation of vinyl chloride (20) , which is mutagenic and recalcitrant. Degradation of TCE by an aerobic heterotrophic microorganism has been recently reported (14) . Although TCE was converted to carbon dioxide, there was a requirement for an aromatic compound, such as phenol, and only low concentrations of TCE were utilized (less than 1 mg/liter). To date, investigators have used concentrations of TCE approximately 3 orders of magnitude lower than those observed in many contaminated aquifers.
The purpose of this investigation was to examine the activity and community structure of microorganisms in subsurface sediments which had been heavily contaminated with short-chain chlorinated hydrocarbons. Studies included radioisotope activity measurements, microcosm enrichment studies, and isolation enrichments for TCE-degrading microorganisms. This report describes enrichment cultures which are capable of degrading TCE at concentrations greater than 50 mg/liter by using a variety of energy sources. Analytical procedures. Nonradioactive and radioactive carbon dioxide were examined by the gas chromatographygas proportional counting technique described by Nelson and Zeikus (13) . A Packard 417 gas chromatograph equipped with a thermal conductivity detector was connected to a Packard 894 gas proportional counter (Packard Instruments Co., Inc., Downers Grove, Ill.). The gas chromatograph operated at 85°C; the helium carrier gas flow was 45 ml/min, with a stainless steel column (0.3175 cm by 2 m) packed with Carbosieve (80/100 mesh). Carbon dioxide formation from TCE was confirmed by gas chromatography-gas proportional counting techniques. Duplicate enrichment vials were inoculated with 30 mg of TCE per liter plus 700,000 dpm of [1,2-14C]TCE in 3 ml of medium in a 12-ml vial. Vials were incubated for 4 weeks at 22°C. Loss of total TCE was measured by purge and trap analysis with the electron capture detector. Chloride concentrations were determined with a chloride test kit (LaMotte Chemical Products Co., Chestertown, Md.).
MATERIALS AND METHODS
Short-chain chlorinated hydrocarbons were analyzed on a Hewlett-Packard 5890 capillary gas chromatograph with a split-splitless injector, a 50-m methyl silicone-fused silica capillary column, an electron capture detector, and the liquid nitrogen cryogenic cooling option with hydrogen as the carrier gas (Hewlett-Packard, Avondale, Pa.). When direct headspace gas injections were made onto the gas chromatograph, the oven was operated isothermally at 60°C. Autosampling was performed with a Tekmar liquid sampler and liquid sample concentrator equipped with a Tenaxcharcoal-silica gel trap (Tekmar, Co., Cincinnati, Ohio). Liquid nitrogen was provided from a 25-liter, high-pressure Dewar flask (Cryofab Inc., Kenilworth, N.J.), and ultrahigh-purity N2 was the purge gas. Purge and trap analyses typically included purging with N2 at 44 ml/min for more than 3 min, heating the trap to 180°C, and desorbing for 0.9 min. The gas chromatograph oven temperature was increased from approximately -70°C to -30°C at 20°C per min, and then to 10°C at 2°C per min, and finally to 100°C.
Data were analyzed with a Hewlett-Packard 3350 series laboratory data system. The data in Fig. 1 demonstrate the gas-chromatographic quantification and separation of TCE degradation intermediates by the purge and trap system. Water blanks typically contained chloroform, a solvent heavily used in our laboratory, as well as trace quantities of TCE and tetrachloroethylene. Several experimental samples exhibited production of dichloroethylene and trace amounts of vinylidine chloride. Although vinyl chloride was assayed on aerobic samples by gas chromatography and mass spectroscopy, none was detected in the limited analyses.
Thirteen enrichment cultures which degraded more than 90% of TCE at a concentration of 50 mg/liter were examined by purge and trap analyses and gave results similar to those shown in Fig. 1, with Fig. 2 show that cultures of 5TY104 did not consume TCE until after day 6, while (Fig. 3) . The thermal conductivity detector on the gas chromatograph measured the increase in headspace carbon dioxide from vials while radioactive carbon dioxide was quantified by the gas proportional counter. (15) . IG. 3. Aerobic enrichments containing 700,000 dpm of ["4C]TCE and 30 ppm (30 ,ug/ml) of TCE in 3 ml of medium incubated for 1 month in 12-ml serum vials at 20°C. Gaseous CO2 was measured by gas chromatography (GC) and thermal conductivity detection. Gaseous 1'4CO2 was quantified by gas proportional counting (GPC), and TCE was measured by electron capture detection gas chromatography (ECDGC). (Fig. 2) indicated little increase in the headspace carbon dioxide concentrations. Adsorption coefficient calculations suggested that less than 20% of the energy source was oxidized to carbon dioxide; thus, less than one-third of the oxygen concentration in the headspace was utilized. To deplete the oxygen concentration, the cell biomass would have to exceed 100 mg/liter, and the gaseous carbon dioxide concentration would have to increase from 5 to 15%. Similarly, the energy sources were added at levels which would not deplete the oxygen from the headspace.
In addition to calculating available electron equivalents, monitoring increases in biomass, and measuring carbon dioxide accumulation, we used resazurin as a redox indicator. When resazurin was added to media prior to autoclaving, the media turned pink, but when added at the end of the experiments, the media remained blue. When nutrient levels were increased substantially above those reported in this study, resazurin became colorless, demonstrating that the enrichment cultures were capable of reducing the redox potential of the medium.
Production of carbon dioxide from TCE has been quantitatively demonstrated by radioisotopic studies in which labeled carbon dioxide was chromatographically separated and measured via gas proportional counting without the use of trapping solutions. Our experiences suggested that trap (3, 20) . Anaerobic 
